Introduction
Nano-sized powders have attracted much attention in the past decades due to the significant improvement in key properties. Zirconia nano-particles have thus become one of the most important ceramic materials, for example, they can provide an effective way to lower thermal conductivity in thermal barrier coatings [1] . Moreover, ZrO 2 is a prevalent biomaterial in dentistry and dental implantology.
However, microstructural control is essential if specific requirements need to be fulfilled. The fabrication process plays an important role in the control of the microstructure as well as the shape [2, 3] . Gel casting [4] , a commercial colloidal process [5] , is relatively new and very attractive for manufacturing high-quality ceramics with homogeneous microstructures and complex shapes. It is actually a moulding technique using an in-situ polymerisation process to immobilise the ceramic powders and to allow them to hold the shape of the mould [6] . Different gel casting systems have been studied since it was first developed in Oak Ridge National Laboratory in the 1990s [7, 8] . However, each system has its own drawbacks, for example, the free radical polymerisation of monomer and cross linker will be inhibited by the oxygen in the frequently used system, leading to surface-exfoliation of the green compact [9] . Although the processing systems based on coordinative or biopolymer chemistry could be carried out in air, the resulting slurries and samples show high viscosity and poor green strength, respectively [5] , limiting their further application. In recent years, a ring-open polymerisation mechanism based on the poly-addition reaction between a water-soluble epoxy resin and amine hardener has been introduced in the gel casting technique, allowing the gel to be processed in air [10, 11] . However, this technique is still in its early stage and few studies are incorporated nano-sized powders. Therefore, the purpose of the present investigation is to develop a water-soluble epoxy resin based gel system suitable for nano-sized ZrO 2 powders.
Experimental

2.1Raw Materials
A commercial yttria-stabilized zirconia powder (Tosoh-zirconia, Japan) was used as the ceramic powder. Ethylene glycol diglycidyl ether (EGDE, Sigma-Aldrich, Germany) and bis (3aminopropyl) amine (Sigma-Aldrich, Germany) were used as epoxy resin (monomer) and hardener, respectively. Specially, the weight ratio of the resin content and the hardener content was fixed at 1:0.23 for all slurries. 0.86 ml ammonium polyacrylate (NH 4 PAA) solution (Allied Colloids, Bradford, UK) per 100 g powder was added as the dispersant. Distilled water (17 Mȍ·cm) was used as the vehicle.
Processing
An aqueous solution containing EGDE was prepared by dissolving the epoxy resin into the mixture of distilled water and dispersant prior to the preparation of slurries. Afterwards, slurries with various solids loading (30, 35, 40, 45vol.%) were prepared by adding zirconia powders into the premixed solution under constant stirring. Slurries were ball milled for 24 hours with zirconia milling media. Hardener was added into the slurries and mixed. The resulting slurries were then poured into suitable silicone moulds with desired shapes and degassed in a vacuum system for 1 minute to aid moulding and de-airing. After drying at room temperatures for 24 hours, demoulding was carefully done and the green bodies were transferred into a 40 ºC oven for further drying for next 24 hours. Sintering was carried out in air. A slow ramp of 1 ºC/min to 600 ºC was conducted to burn out the polymer followed by 5 ºC/min ramp to 1550 ºC, where it was held for 2 hours. Samples were ground and polished for observation and measurement.
Characterization
The rheological behaviour was characterised with an AR 500 rheometer (TA instruments, USA) with a cone and plane system (Truncation: 59 μm; Core: 4 cm, 2°). A solvent trap was coupled to the measuring unit to prevent evaporation. The gelation behaviour of the zirconia slurries with varying resin contents was studied by monitoring the evolution of the viscosity under a constant shear of 0.1 s -1 at 20 .The criterion used for the idle time measurement is based on the classical theory that one of the attributes of the gel point is an infinite steady-shear viscosity [12] .The flow behaviour of the slurries was measured at 20 °C under the continuous shear mode within the shear rate range of 600 s -1 (from 0.1 up to 600 s -1 ) in 90 seconds. All the rheological characterization started immediately after the addition of hardener. All the densities in this study were measured by Archimedes method. The Vickers microhardness test was performed on the sintered sample using a Mitutoyo MVK-H1 microhardness tester (1 kg load for ten seconds) (Mitutoyo Ltd, UK). An optical digital camera (Olympus SP350, Olympus Co (UK) Ltd) was used to record the shape of the green components. Scanning Electron Microscopy (SEM) (JSM 7000, Jeol, Tokyo, Japan) was employed to observe the microstructure of green and sintered samples.
Results and discussion
Influence of Experimental Variables on Properties
A secondary electron SEM micrograph of the zirconia powder used in this investigation is shown in Fig.1 and it can be seen that the powder has a near-spherical morphology with a primary particle size around 100 nm. zirconia suspensions increased at the same shear rate, especially when the shear rate is low (below 40 1/s). The viscosity of the resin used in this study at 20 is 20 mPa·s (from the product information), which is much larger than that of water (1.002 mPa·s). So, the viscosity of the slurry system including water, powder, dispersant and resin, will arise with the increase of the resin content. Meanwhile, according to our observation during the hardener mixing and slurry casting process, the hardener is very helpful to lower the viscosity of this slurry system (the fluidity became better after adding hardener). As mentioned in the experimental section, the ratio of resin (monomer) to hardener (coupling reagent) was 1:0.23 (wt.%). More resin added means more hardener needed.
It is probably that the effect of resin content on viscosity dominated when the resin content increased from 15wt.% to 20wt.%, so the viscosity of the slurry system increased. However, the effect of hardener addition on viscosity had a peak value under this fixed solids loading of 35 vol.%. Therefore, when the resin content increased from 20wt.% to 25wt.%, the effect of hardener on viscosity gradually played an important role (actually under the two action mechanisms just mentioned), so the viscosity of 20wt.% curve is close to that of 25wt.% curve. With further addition of resin content to 30wt.%, the effect of resin content on viscosity started to dominate again. Hence, the slurry with 30wt.% resin content showed the highest viscosity.
The idle time is defined as the time after which the gelation begins. It is an important parameter in the gelcasting process. If the idle time is too short, i.e. 10 minutes, the gelation will occur when mixing hardener in the ceramic slurry; if it is too long, i.e. 70 minutes, it is not feasible from the economical point of view [13] . Therefore, the idle time should be optimized. contents. It is found that all the curves possess a period with constant viscosity, then the viscosities in all curves start to increase gradually until they begin to increase rapidly towards infinity. The period with constant viscosity is defined as the idle time in the polymerization process, which is the available time that can be used for casting [14] . As shown in Fig.2(a) , the idle time of the slurries decreased from about 1350 s to 900 s when the resin content increased from 15 wt.% to 30wt.%.
The decrease of the idle time was mainly attributed to the "container" effect of the slurry in the presence of ceramic powders according to Dong's work [15] . For the slurry gelation, polymer chain lines are needed to connect the ceramic particles and fill the interstices of the particles in the slurry, for which a certain period of time is required (the idle time). The idle time depends on the size of the "container": the smaller the "container", the shorter time the polymer chain line is needed to connect the particles. When the resin content is increased, the space between the particles in the slurry (the vehicle (water) content is fixed) is reduced leading to a reduction of the "container" size, which finally results in the decrease of the idle time. Therefore, higher resin content leads to shorter idle time, which is in agreement with Olhero's investigation [16] . Moreover, one interesting phenomenon is that figure 2(b) shows a neat difference in the idle time between these systems with different resin contents (15-20 wt.% vs 25-30 wt.%). Probably, for this epoxy-hardener system, when the resin content is over 20 wt.%, the 'container' size will dramatically decrease, finally resulting in the neat difference. Figure 3 show the dispersion status of zirconia powders in these slurries. Due to the relatively low solids loading (30 vol.%), the powders in Figure 3 (a) exhibits a good dispersion status. However, evident aggregates can be observed, especially when the solids loading increased to 45 vol.%, as shown in Figure 3 (b) and Figure 3 (c) (red circles). That is because significant increase of the attractive potential energy due to long-range van der Waals interactions between particles when the solids loading arises especially using this nano-sized zirconia powders. Therefore, the presence of attractive interparticle interactions and the formation of particle aggregates resorts into higher values and stronger concentration dependence of viscosity. Similar results can be found in Tan's and Chen's work [17, 18] . Table 1 summaries the physical properties of the green and sintered components consolidated by this aqueous gel casting technique. For the 35 vol.% slurry, with increase of the resin content from 15 wt.% to 30 wt.%, the density of the green component increased. This behaviour occurs because a 3D network of fine pores will be generated during gelation, which can exert high suction pressure on drying resulting in the shrinkage of gelcast samples [16] ; higher resin content leads to enhanced fineness of the 3D network pores, which gives stronger capillary forces making the particles approach each other more upon drying. The increased fraction of the resin filling the interstitial pores particles also contributes to the increase of the green density with increase of the resin content.
These two effects result in the increase of the green density. Fig. 4(a)-(d) show the secondary electron SEM micrographs of the green samples with different amounts of epoxy resin. Due to the small change of the densities as shown in Table 1 , the variation of the porosity is not obvious in these SEM images. The sintered densities showed a different trend compared with the green densities. When the added amount of the resin was more than 25 wt.%, the sintered density started to decrease, indicating that high resin content over 25 wt.% is detrimental to the sintering behaviour. When the resin content increased from 15 wt.% to 30 wt.%, the microhardness showed a very similar trend to the sintered density, as shown in Table 1 .
The effect of solid-loading has also been investigated as shown in Table 1 . With increase of the solid-loading from 35 vol.% to 45 vol.% with 15 wt.% resin content, the density of the green component increased from 2.69 g/cm 3 to 3.02 g/cm 3 . Moreover, the sintered density and the microhardness reported in Table 1 for these samples showed the same trend when the solid loading increased. The sintered density increased from 5.28 g/cm 3 (89% relative density) to 5.45 g/cm 3 (92% relative density) and the microhardness increased from 13.3 GPa to 14.2 GPa, similar to that reported in Tulliani's work [19] (14.3GPa, 95% relative density). A gradual decrease of the density of pores was found, as can be seen in Fig. 5 (a) , (b) and (c), which show the microstructure of the fracture surface of these samples. Accordingly, with increase of the solid loading, a denser microstructure could be observed. Therefore, higher solid loading is helpful to improve the density which would be expected to improve the mechanical properties, which is consistent with Chen's investigation [18] .
Influence of Experimental Variables on Shape Control
Two microgears in the green state fabricated from slurries with 35 vol.% solid-loading and 15 wt.% resin content are shown in Fig. 6 . It can be seen that the right microgear shows more defects than the left one, although the left one does have several defects. The only difference between the two is the PDMS mould used for manufacturing the gear shown in figure 6(a) was bent slightly after casting. Bending the PDMS mould slightly allows the slurry to fill the mould fully and reproduce the very fine structure of the mould accurately.
Several long bars in the green state produced from slurries with 35 vol.% solid-loading and different resin contents are shown in Fig. 7 . Bending the PDMS moulds by hand was applied here.
It can be observed that with increase of the resin content from 15 wt.% (right hand side) to 25 wt.% (middle one), the surface of the samples becomes much smoother and the edges become much sharper. This is mainly because the sample with 15 wt.% resin content has the lower density (as shown in Table 1 ), resulting in lower mechanical strength of the green component. However, the long bars obtained from slurries with 25 wt.% and 30 wt.% (left hand side) resin content do not show much difference. This is because the two green components show very similar densities. Thus, higher resin content (no more than 30 wt.%) is needed for preparing green component with few drawbacks.
Based on the above results, bending the mould and adopting less than 30 wt.% resin content are applied in the following work. One microgear and spanner in the green state fabricated from slurry with 40 vol.% solid-loading and 15 wt.% resin content are shown in Fig. 8 . It can be seen clearly that the surface of these samples becomes much smoother and the edges become much sharper compared to that of the sample shown in Fig.6 . According to Table 1 , the density of the sample obtained from 40 vol.% slurry is bigger than that of sample obtained from 35 vol.% slurry. Thus, high solid-loading is very helpful to improve the shape control, leading to much better green components.
Conclusions
In summary, a water-soluble epoxy resin based gel system was developed incorporating nanosized zirconia powders and different shapes were produced by using such system. With increase of the resin content from 15 wt.% to 30 wt.%, the viscosity of the slurry increased and the idle time became shorter from about 1350 s to 900 s. Higher resin content is helpful to improve the green density and also the shape control, but not suitable for casting process. Moreover, the sintered density decreased when the resin content was beyond 25 wt.%. High solid-loading leads to high green and sintered density, which is also better for the shape control. In addition an external force, such as bending by hand, is necessary for shape control in order to reproduce the fine structure of the mould. 
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